In tro d u c tio n . A n im portant constituent o f the pipeline reliability assurance is the in-line inspection, using w hich the rem aining w all thickness t n o f a pipe at its discrete points is found. Each o f the points is characterized by the axial coordinate along the pipeline s and the angular coordinate p around the circle o f the cross-section.
F or further calculations the tw o-dim ensional system is reduced to a unidim ensional one: the m axim um defect depth is projected onto the axial line as specified in DNV-RP-F101 [1] . A n exam ple o f this system o f points, w hich is called a c o m p le x d e f e c t, is presented in Fig. 1 . The sim plest m ethod for analyzing the strength o f a com plex defect is its replacem ent by a rectangular defect whose length is equal to that o f the com plex defect l and depth is equal to the m axim um depth o f the com plex defect d . Clearly, the results obtained in this w ay w ould be rather conservative. However, they are useful in the case w here there is a need to obtain, w ithin a short period o f tim e, an approxim ate estim ate o f the com plex defect strength and to get an answ er to w hether it is necessary at all to carry out a m ore accurate calculation that takes into account the real profile o f a com plex defect. Thus, w e initially consider some approaches to strength estim ation for defects o f typical shapes (rectangular, elliptic, and parabolic) and then the calculation m ethods that involve the use o f a real profile o f a com plex defect.
1. E stim a tio n o f S tre n g th o f a P ip e w ith D efects o f T ypical S hape. 1.1.
T r e a tm e n t o f a n I s o l a t e d D e f e c t A c c o r d in g to D N V -R P -F 1 0 1 . One o f the current and generally recognized techniques for estim ating corrosion defects is the international standard D N V R ecom m ended Practice [1] . A ccording to this practice, for an isolated defect o f length l and depth d , the expression for determ ining the internal failure pressure is rather sim ple and has the following form:
( 1) where
o u is the ultim ate strength o f the pipe steel, t is the pipe w all thickness, and D is its outer diameter. A ccording to [1], relationship (1) is em pirical and derived on the basis o f a great num ber o f calculations by the finite elem ent m ethod (FEM) and full-scale experim ents. In contrast to this approach to the estim ation o f the rem aining strength o f a pipe w ith single defects, we consider below an analytical m odel w hich has been developed by us and is based on the lim it state theory.
Axial coordinate (mm) Fig. 1 . Profile of a complex defect.
T h e A n a ly t ic a l M o d e l .
The strength condition for a defected pipe can be w ritten as o u t P ^« ( K '0 -,
w here a(X , r ) is the strength reduction factor, X = l/V R t, R is the inner radius, t is the w all thickness, r = t n / t , t n is the rem aining w all thickness, t n = t -d , o u is the ultim ate strength o f the pipe m aterial, and P is the applied internal pressure. W e shall consider the basic idea o f the a(X , r ) determ ination. C onsider the equilibrium equation in the radial direction:
w here N^ is the circum ferential force, cp is the circum ferential angular coordinate, x is the axial coordinate, and Q p and Q x are the transverse forces. For a defect-free pipe, each point o f the pipe is under identical conditions, therefore, the transverse forces are equal to zero. Since N p = o p t , the lim it state is a tta in e d w h e n Op = o u, th e re fo re , th e a d m issib le in te rn a l p re ssu re P l l ( r = 1) = O u t R or a ( r = 1) = 1 F or a section w ith a part-through defect o f the m axim um depth d , the m axim um value o f N p j R in (4) is equal to o u ( t -d ) / R and this force cannot resist the larger values o f the internal pressure P . Thus, the presence o f an axial defect results in the im balance betw een the circum ferential stresses and the internal pressure w hich has to be counterbalanced by an increm ent in the transverse forces to m aintain equilibrium . The transverse forces, in turn, induce bending m om ents. The state o f the cylinder changes to the lim it state w hen the bending m om ents reach the critical values that m eet the chosen criterial conditions. The above considerations are presented in m ore detail in [2] , w here the following expressions for a LL w ere found:
for a sem i-elliptical defect, and
for a parabolic defect.
As w as noted above, the replacem ent o f a com plex defect by a rectangular one leads to rather conservative estim ates. Therefore, below w e consider the approaches w hich take into account the real shape o f a com plex defect and yield a m ore accurate estim ate o f the strength.
2. S tre n g th C alcu latio n fo r C om plex Defects.
T h e E f f e c tiv e A r e a f o r a C o m p le x D e f e c t.
One o f the sim plest m ethods o f strength calculation for a pipeline w ith a com plex defect involving the use o f its real profile is the m ethod based on the concept o f the effective area.
In [3] , the follow ing expression for strength evaluation for a com plex defect is proposed:
w here A is the effective area, A 0 is the total area across the w all thickness in the longitudinal direction, M is the Folias factor, and o is the yield strength o f the pipeline material. W ith this approach, the m ultiplier (1 -A/A0 ) can be interpreted as the ratio o f the average rem aining w all thickness t na to the original defect-free w all thickness t o f the defected area. D ifferent zones o f the com plex defect are exam ined sequentially and the m inim um w all thickness is chosen. The subjective nature o f this m odel is obvious.
A nother currently available m ethod o f strength analysis for a com plex defect is the m ethod proposed in DNV-RP-F101 [1]. The basic idea o f this m ethod consists in splitting a com plex defect into sim ple ones w ith their strength calculation using the expression described in item 1. 1.
As an alternative to the existing traditional approaches, the researchers o f the Pisarenko Institute o f Problem s o f Strength developed a num erical procedure for assessing com plex shaped defects, w hich rests upon clear-cut physical models.
2.2. We assign a num erical value to the dim ensionless internal pressure p. K eeping in m ind the above considerations, w e search for points w here the strength condition m ay be not satisfied. Before form ulating the procedure of searching, let us find the value o f the increm ent in the transverse force on the segm ent d x (the subscript i on the rem aining strength o is omitted):
o u t o t o u t v-1 T = p -R = -
w here o = o / o u is the dim ensionless rem aining strength. It is clear that according to the assum ption o f a positive increm ent in the bending m om ent to the left o f the point w ith the num ber k, it is necessary that the condition o f the transverse force Q x decrease be fulfilled. Thus
because d x < 0. C ondition (8) is a necessary condition to choose a point of possible failure. Let us assum e that on passing sequentially the com plex defect profile points, the point satisfying condition (8) is found. Then w e take k = 0 for this point and consider that the points w ith negative num bers are to the left o f this point and those w ith positive num bers to the right o f it. A lso assum e that the transverse force Q x = 0 at this point. The aim o f the calculation is to find the increm ent in the bending m om ent and to com pare it w ith its critical value. So w e m ove to the left (in the direction o f the negative num bers o f the points). The transverse forces can be found from the following expressions: 
or using ( 10) and ( 11) We m ove to the right in a sim ilar way, w ith the only difference that on the right, according to the m odel assum ption, m t should be negative. I f on the right the strength condition (13) is not fulfilled either, fracture occurs. I f no point w here fracture occurs is found for a given dim ensionless internal pressure, we increase the value o f the dim ensionless internal pressure and repeat the above steps o f the num erical procedure. I f such a point has been found, w e decrease the value o f the internal pressure. The search technique can be similar, e.g., to that of dividing a segm ent in two. In this case, the dim ensionless internal pressure w ill be determ ined w ith a prescribed accuracy. It is obvious that the obtained value of the dimensionless internal pressure p will be equal to the strength reduction factor a.
The validity o f the developed algorithm was checked on two m odel examples, w herein the geom etrical param eters o f defects w ere set in conventional units related to a single step d x = t = 1 E x a m p le 1. C onsider a rectangular defect w ith the follow ing param eters: length L = 5, R t = 20, and t n / t = 0.3. C alculations by form ula (5a) gives a = 0.5545 and by the algorithm constructed a = 0.556. E x a m p le 2 . C onsider tw o rectangular defects o f length 2L and depth d in a pipe, the distance betw een the defects being equal to 2k (Fig. 2) . The value o f the strength reduction factor a is num erically found from a system o f equations w here the first equation can be obtained from expression (5a) assum ing that the defect h a lf length is equal to L + z (z is the displacem ent of the point, w here Q x = 0 w ith respect to the defect center) and the second equation is obtained from the conditions o f equality o f the areas o f figures Fj and F-2 :
( l -z ) ( a -x ) = k (1 -a ).
C onsider tw o rectangular defects (Fig. 2) w ith the follow ing param eters: L = 9, R t = 80, and t = 1, i.e. X = 1.0125 and t n / t = 0.3. We calculate the strength o f such a defective segm ent by the developed sem i-analytical procedure for two defects w ith the use o f the proposed universal num erical algorithm and a technique described in DNV-RP-F101 [1] . Figure 3 presents the dependences o f the strength reduction factor a on the dim ensionless distance betw een the defects k / L obtained by the m ethod based on relations (14), w ith the use o f the num erical procedure, and the procedure described in the DNV-RP-F101 [1] (dashed line). The num erical and analytical solutions (14) coincide and are presented by a solid line.
Exam ples 1 and 2 indicate that the num erical algorithm for determ ining the strength reduction factor is correct and devoid o f the drawbacks associated w ith sim plification or schem atization, and it is appropriate for strength calculation for a pipe w ith an arbitrary strength distribution at each point. Further w e consider exam ples o f strength calculation for real com plex-shaped defects using different com putation m ethods. Table 1 . Table 1 The The results obtained demonstrate that the num erical procedure for calculating the failure pressure developed by us is correct, physically justified and enables obtaining m ore accurate estim ates o f the failure pressure in a pipe as com pared w ith the know n calculation procedures.
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